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TRANSONIC CHARACTERISTICS OF
BOTH LAUNCH AND FLYBACK CONFIGURATIONS OF A
VTO REUSABLE LAUNCH VEHICLE*

By Robert J. McGhee
Langley Research Center

SUMMARY

An investigation has been conducted in the Langley 8-foot transonic pres-
sure tunnel to determine the longitudinal and lateral-directional stability
characteristics of a complete vertical-take-off launch vehicle and its first-
stage reusable flyback vehicle. In addition, control effectiveness was
obtained for the reusable first stage at both transonic and landing conditions.
Some effects of forebody shape, shroud shape, body base boattalling, vertical-
tail arrangements, and flyback engine nacelles are indicated. The complete
launch vehicle was tested at angles of attack from -4° to 10°, over a Mach num-
ber range of 0.40 to 1.20, and angles of sideslip of 0° and 5°. The flyback
vehicle was tested at angles of attack from -4° to 16°, over a Mach number
range of 0.20 to 1.20, and over an angle-of-sideslip range of O° to 6°. Test

Reynolds numbers per foot (per 0.305 meter) varied from approximately 1.5 X 106
to L.k x 106,

The subsonic level of the zero-lift drag coefficient of the complete reus-
able launch vehicle was reduced to about the same as that of a similar but
expendable launch vehicle. Based on an average estimated in-flight center-of-
gravity location of 3.0 diameters forward of the model base, the complete launch
vehicle was both longitudinally and directionally stable throughout the Mach
number range.

The flyback vehicle was longitudinally stable throughout the Mach number
range. lLarge wing-tip-mounted vertical tails employing 5° of toe-in provided
directional stability. A maximum lift-drag ratio of about 6.3 at a Mach num-
ber of 0.60 was measured; however, this decreased to about 5.5 with both verti-
cal tails toed in 5°. Longitudinal control effectiveness generally increased
with Mach number up to a Mach number of 0.90 and thereafter did not decrease
below the subsonic level effectiveness. Lateral control effectiveness remained
approximately constant with both angle of attack and Mach number up to about
a Mach number of 0.70; it then decreased about 25 percent. Directional con-
trol effectiveness decreased as much as 50 percent at transonic speeds.

No appreciable change in longitudinal stability or control effectiveness
occurred at simulated landing conditions; however, there was a positive shift
in the pitching-moment curve and a delay in pitch-up was observed, attributed
to the presence of the ground plane.

*Title, Unclassified.
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INTRODUCTION

The National Aeronautics and Space Administration is presently engaged in
studies to determine the aerodynamic characteristics of reusable launch-vehicle
systems. As the frequency of placing large payloads in orbit increases, reusa-
ble launch-vehicle systems may provide significant reductions in overall cost
per launch, provided recoverability and refurbishment costs can be minimized.
For future manned-space-flight missions, winged reusable launch-vehicle systems
may offer significant improvements in safety and reliability.

Results of exploratory tests for a reusable first stage of a winged launch
vehicle having a large body dilameter compared with the wing span have been
reported in reference 1. These exploratory tests showed severe longitudinal
and lateral-directional stability deficiencies, as well as low subsonic lift-
drag ratios. Results of the investigation of reference 1 were employed to
design a new configuration of the first stage of a large-payload vertical-take-
off reusable launch-vehicle system. The revised first-stage vehicle incorpo-
rated a change in wing planform and location as a result of a reassessment of
the probable vehicle center-of-gravity and stability requirements, relocation
and changes in the planform of the vertical tails, and relocation of the fly-
back turbine engines.

The present investigation was initiated to determine the stability of the
complete launch vehicle at transonic speeds and the stability and control char-
acteristics of the first-stage flyback vehicle at both returning cruise and
landing conditions. Results at supersonic and hypersonic speeds are présented
in references 2 and 3. Because of the severity of the lift-drag ratio problem
encountered in reference 1, it was considered necessary to determine additional
information on the effects of forebody shape, shroud shape, body base boat-
tailing, vertical-tail arrangements, and flyback engine nacelles.

The tests were conducted in the Langley 8-foot transonic pressure tunnel
over a Mach number range of 0.20 to 1.20 at angles of attack from -4° to 16°
and sideslip angles of O° and 5°; some additional data were obtained over an
angle-of-sideslip range of -8° to 6°. The test Reynolds number per foot (per

0.305 meter) varied from approximately 1.5 x 100 to 4.k x 106.
SYMBOLS

Measurements for this investigation were taken in the U.S. Customary
System of Units. Equivalent values are indicated herein parenthetically in
the International System (SI) in the interest of promoting use of this system
in future NASA reports. Detalls concerning the use of SI, together with phys-
ical constants and conversion factors, are given in reference 4.

The aerodynamic data are reduced to standard coefficient form. All data
for the complete launch vehicle are referred to the body axes. All lateral-
directional and control data for the first-stage winged reusable configuration
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are referred to the body axes, whereas the longitudinal data are referred to
the stability axes. The moment reference for all data was selected to be
0.90 body diameter forward of the model base. All coefficients are referred
to the maximum body base area and maximum body diameter.

Cy normal-force coefficient,

YooSref
Ca axial-force coefficient, <otal axial force

qmsref
o 1ift coefficlent, —LZfE.

YoPref
Cp drag coefficient, ‘ovel dreg
QeSref
(CD p *+ Cp i) internal and base drag coefficient for nacelle,
’ ’~/nacelle (Internal drag + Base drag) pacelle

qoosref

Cm pitching-moment coefficient, Pitching moment
deoSrefD
Cy rolling-moment coefficient, Rolling mgment
YoSref
. s s Yawing moment
C yawing-moment coefficient
" ’ UeSrefD
Cy side-force coefficient, Side force
QSref
Cy ~
CNa normal-force-curve slope, o per degree at Cy = O
. Cr,
Chm lift-curve slope, S’ per degree at Cp =~ O
o
CmCN longitudinal stability parameter (referred to body axes), 569
CmCL longitudinal stabllity parameter (referred to stability axes), g%m
L
at CL =~ 0
D e )

Normal force
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ACy

effective-dihedral parameter, ; per degree

%

directional-stability parameter, g%g, per degree
A's;
side-force parameter, Zﬁl’ per degree

AC
longitudinal-control-effectiveness parameter, ZSE’ per degree
e

where B, = Se,R = 8e,L

o0
lateral-control-effectiveness parameter, ZSL’ per degree where
e

Be = 8e,R = 'se,L

directional-control-effectiveness parameter, 2%3, per degree
T

lift-drag ratio

P - B,
e

local chord, feet (meters)

Pressure coefficient,

mean aerodynamic chord of exposed basic wing planform, feet (meters)

maximum body diameter, feet (meters)
free-stream Mach number

static pressure, 1b/sq £t (N/m2)
free-stream static pressure, 1b/sq £t (N/m2)

free-stream dynamic pressure, 1b/sq £t (N/m2)

Reynolds number per foot (per 0.305 meter)

model reference area, square feet (meters2)

D2
)+ 2
local airfoil thickness, feet (meters)

angle of attack, degrees

-
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" el

B angle of sldeslip, degrees

x,y,a,r coordinate system (see fig. 2(b))

f%ﬁ center-of-gravity location forward of model base

Xep .

T center-of~-pressure location forward of model base

Se,R right elevon deflection angle (positive when trailing edge is down),
degrees

Se,L left elevon deflection angle (positive when trailing edge is down),

degrees

O rudder deflection angle (positive when trailing edge is to left),
degrees

Oc vertical-tail cant angle (positive tip outward), degrees

8¢ vertical-tall toe-in angle (positive when leading edge is inward),
degrees

v4 rocket-engine toe-in angle (positive inward), degrees

Subscripts:

o] conditions at zero angle of attack or zero 1ift

max maximum

b body base

c balance chamber

i internal

r rocket engine base

shroud base

MODEL DESCRIPTION

A two-vehicle configuration was employed in this investigation: the com-
plete launch vehicle and the first-stage winged flyback vehicle. The basic
body of the flyback vehicle was an axisymmetric cylinder to which various
forebody and body base components, a trapezoidal wing, and vertical tails were
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added, with further addition of air-breathing engine nacelles and a crew
nacelle. General model arrangements for the configuration are shown in fig-
ure 1 with details of model components in figure 2. Table I presents the per-
tinent model dimensions. Photographs of the launch and flyback vehicles are
shown in figure 3.

Complete Launch Vehicle

The complete launch vehicle model consisted of two stages arranged in tan-
dem as shown in figure 1(a). The first stage was a flyback vehicle described
later. The second stage consisted of an expendable booster with a length-
diameter ratio of 2.92 (including interstage structure) and an ogival space-
craft having a length-diameter ratio of 2.21 (including interstage structure).
Four rocket engines, displaced 45° from the vertical axis of symmetry, were
mounted parallel to the body axes to simulate the launch arrangement. Two 15°
half-conical shrouds were employed to provide protection of the two upper
rocket engines, and the wing—body-Jjuncture falring was shaped to provide pro-
tection for the two lower engines from aerodynamic loads during launch.
Details of the arrangement of the shrouds, rocket engines, and spacecraft are
given in figures 2(a) and 2(b).

Reusable Flyback Vehicle

Arrangements of the first-stage winged reusable flyback vehicle are shown
in figure l(b). Generally, it consisted of two primary assemblies: +the bal-
listic rocket booster and the winged reusable system attached thereto.

The ballistic first-stage rocket booster shown in figure 2(b) was cylin-
drical and had a length-diameter ratio of 3.65, excluding the forebody. Two
interchangeable forebodies consisting of a 1l:1 ellipse (spherical forebody)
and & 1:2 blunt ellipse were constructed. Provision was made to change the
shape of the rearward section (0.5D) of the basic body. Three interchangeable
afterbodies were constructed: a plain cylinder (base 1), a base with a para-
bolic boattail fairing (base 2), and a base with a circular-arc boattail
fairing (base 3). A set of parabolic shrouds were designed to provide the
minimim cross-sectional area needed to enclose the engine gimbal struts and
pylons. These shrouds were identical to those used in reference 1. As an
alternate arrangement, the shrouds were removed, and a set of simulated engine
actuator struts were installed. (See fig. 1(b).) The four simulated rocket
engines were canted toward the center line 12° to reduce their resultant drag
during flyback. They were oriented 45° from the vertical plane of symmetry;
thus, only the two upper shrouds would be needed since the wing base and wing-
body Jjuncture would take the place of the two lower shrouds.

A trapezoidal wing (fig. 2(a)) with a 65° leading-edge sweep angle was
mounted on the basic booster so that the center of gravity coincided with
22 percent of the exposed mean aerodynamic chord. The exposed planform area

(trailing-edge extensions being neglected) was 7.5D2, the taper ratio was 0.35
and 5° of geometric dihedral was employed. The wing was mounted so that the
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uppermost wing element at the plane of symmetry was tangent to the body diam-
eter; that is, the chord plane was parallel to and located tmax/2 below the

lowest body element. The basic airfoil section was identical to that used in
reference 1 and consisted of a symmetrical 10-percent-thick circular arc with
a leading-edge radius of tmax/6 and a trailing-edge thickness of tmax/3
with no twist or camber incorporated. A trailing-edge extension, which
amounted to 15 percent of the local chord and consisted of a simple wedge sec-
tion, was added to the wing, as shown in figure 2(a). At the center section,
inboard of the 10-percent semispan station, a center flap with a straight
trailing edge amounting to 15 percent of the local chord at the 1lO-percent sta-
tion was provided. Arbitrary fairings between the body and wing surface made
up the wing-body Jjuncture. The original fairing was essentially & minimum-
weight fairing, and therefore an alternate and more generous fairing (fig. 2(a))
was tested to improve aerodynamic stability characteristics.

The vertical tails (fig. 2(a)) were located outward at the wing tips and
employed an outboard cant of 15°. Toe-in angles of O° and 5° were provided by
rotating the vertical tail about its midchord. The airfoil section was similar
to thag for the wing without the trailing-edge extensions. The taper ratio
was 0.60.

The flyback engines were arranged in a six-abreast nacelle having a rec-
tangular planform and were located at the center of the wing Jjust rearward of
the 41-percent chord station and mounted beneath it. (See figs. 1(b) and 2(b).)
In this position the outboard nacelle leading edge was Jjust rearward of the
assumed wing front-spar location at about 18 percent of the local chord and it
could be retracted without wing structure interference. This nacelle was con-
sidered to be retracted entirely within the wing during launch; hence, the
lower surface shape coincided with the wing lower surface shape. Simple semi-
circular inlet lips were provided, and the duct was sized to provide an inlet
mass-flow rate of approximately 0.60 at the assumed cruise-back Mach number
of 0.60. A simple elliptic cylindrical pod, constructed to simulate a crew
nacelle, was located on the wing leading edge at 20 percent of the left wing
semispan. It was mounted with its axis on the wing-chord plane. Details of
the flyback engine nacelle and the crew nacelle are shown in figures 2(a)
and 2(b), respectively.

Control Surfaces

Nearly full-span elevons amounting to 20 percent of the basic wing chord
were provided. They extended from 10 percent to 90 percent of the exposed
semispan (not including tip fairing). Deflection angles of 0° and #50 were
provided with hinge plates. These elevons were considered to provide both
pitch and roll control.

Directional control was provided by 0.30c control surfaces located on the
trailing edge of the vertical tails and extending from approximately the
10-percent station to the tip. By means of hinge plates, provisions were made
for deflection angles of 0° and #5°.

e miuepd T
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APPARATUS AND TESTS

Range of Investigation

The tests were conducted in the Langley 8-foot transonic pressure tunnel.
For the complete launch vehicle the tests were conducted over a range of Mach
numbers from 0.40 to 1.20, at angles of attack from -4° to 10°, and angles of
sideslip of O° and 5°. Additional data were taken over an angle-of-sideslip
range of -8° to 20 at an angle of attack of 0°. Test Reynolds number per foot
(per 0.305 meter) varied from approximately 1.5 X 106 to k.2 x 106. Tests for
the flyback vehicle were conducted over a range of Mach numbers from 0.40 to
1.20, at angles of attack from -4° to 16°, and over an angle-of-sideslip range
of 0° to 6°, Most of data was obtained at sideslip angles of 0° and 5°. Test

Reynolds number per foot (0.305 meter) varied from approximately 1.5 X 106 to

3.8 x 106. Low-speed tests in the presence of a ground plane were conducted
at Mach numbers from 0.20 to 0.40, and angles of attack from 0° to 16° with
corresponding Reynolds number per foot (per 0.305 meter) from approximately

1.8 x 106 to 4.4 x 106. (See fig. 4.) Results of longitudinal-, lateral-, and
directional-control deflectlons were obtained at cruise flight and landing
conditions.

Ground Board

A ground board was employed to determine the effects of the proximity of
the ground on the aerodynamic characteristics at landing of the first-stage
winged flyback vehicle. The ground board spanned the tunnel, had a chord of
6 feet (1.83 meters), and had the trailing edge cut out to accommodate the sup-
port sting at high angles of attack. The center of rotation of the model was
approximately 2 inches (0.051 meter) downstream from the model base and
2.90 inches (0.074 meter) above the ground board. Thus, for the 0.008 scale
of thls model, the vertical height simulated was about 30 feet (9.14 meters)
or approximately 0.90 body diameter.

Transition Strips

All experiments were conducted with artificial transition, consisting of
0.10-inch-wide strips of No. 80 carborundum grains, located on each forebody
and at the 0.10c station of both surfaces of the wings and vertical tails.

Measurements

Aerodynamic force and moment measurements were obtained by use of a six-
component internally mounted strain-gage balance. Angles of attack and side-
slip were corrected for balance and sting deflection under load. All drag
data represent gross drag unless otherwise noted. The internal drag of the
ducts was measured by use of a survey rake, and pressure measurements were alsc

8 -SRIk
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made on the base of the flyback-engine nacelle. The nacelle drag was taken to
be the sum of the internal air-flow drag together with the nacelle~base drag.
Additional pressure measurements were made in the balance chamber, on the body
base, and on various body-base components. (See fig. 1(b).)

PRESENTATION OF RESULTS

The results of this investigation have been divided into two major parts.
The first consists of the data for the complete launch vehicle; the second, the
data for the first-stage winged reusable flyback vehicle. The latter were fur-
ther divided into the data applicable to cruise flight and landing conditioms.

Figures 5 to 10 present the basic and summary aerodynamic characteristics
of the complete launch configuration. Figures 11 to 21 include basic and sum-
mary data for the first-stage winged reusable flyback vehicle at cruise flight
conditions. TFigure 22 presents basic data at landing conditions of the first-
stage winged reusable flyback vehicle. Finally, figure 23 summarizes the con-
trol effectiveness of the first-stage reusable flyback vehicle at landing and
cruise flight conditions.

All force and moment data have been referred to the maximum area of the
body base and its maximum diameter. All moments have been referred to the
assumed center of gravity, which was 0.90 diameter forward of the model base -
the estimated center of gravity for the first stage during flyback to the
recovery site.

DISCUSSION OF RESULTS

The results of this investigation provide basic aerodynamic characteris-
tics of a representative launch configuration of a large-cargo payload rocket-
powered two-stage-to-orbit vertical-take-off launch vehicle for which the first
stage 1s a winged reusable flyback vehicle and the second stage is an expend-
able booster. The results will further provide basic aerodynamic characteris-
tics for the winged reusable flyback vehicle during the transonic and subsonic
flight regions. Improvement in performance of the redesigned configuration
over that of reference 1 will be indicated, and some initial information rela-
tive to longitudinal and lateral-directional control effectiveness is presented.
Finally, some initial results concerning the landing aerodynamic characteris-
tics and control effectiveness near the ground for the flyback vehicle are
given.

Complete Launch Vehicle

Axial-force coefficient.- Figure 8 shows that the basic axial-force coef-
ficient at an angle of attack of O° remained relatively constant over the sub-
sonic Mach number range to about M = 0.8 and was then followed by the usual
abrupt transonic drag rise. At M = 0.8, Cp,0 = 0.70 for the basic
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configuration, whereas toeing the vertical fins in 5° added nearly 10 percent
to the axial-force coefficient. The subsonic level of total axial-force coef-
ficient was compared with that for an expendable launch vehicle (ref. 5) having
somewhat simjlar geometry to the booster stages alone. (See fig. 8.) The
small difference in CA,o for the expendable vehicle compared with the present

reusable vehicle 1s initially surprising inasmuch as both wings and vertical
tails have been added to the first stage. Reference 1, however, showed that by
proper design, the zero-lift drag coefficient of the flyback vehicle could be
reduced to a value below that for the basic expendable first-stage booster.

The source of the high drag of the expendable booster was shown (ref. 1) to
have been caused by excessively negative base pressures assoclated with base
pumping action in the presence of the large 15° conical shrouds. Figure 8
shows the calculated average subsonic level of the base pressure coefficient
from reference 5 (configuration 6), which at M = 0.80 is about -0.34 as com-
pared with the much lower value of -0.23 for the present winged configuration.

Stability and control.- Normal-force-curve slopes CNOL are shown in fig-

ure 8 to vary from about 0.64 to 0.84 and are about four times the side-force
parameter CYB shown in figure 9. Figure 5 also shows that approximately 10

of incidence will be required for a zero-normal-force trajectory. At launch
(M = 0) the vehicle center of gravity has been estimated and is shown in fig-
ure 10 to be about 2.8D above the base; at M = 1.2 1t is about 3.1D from the
base. The indicated forward shift is caused by first-stage propellant consump-
tion during this portion of the flight trajectory. Based on an average value
of approximately 3.0D for the center-of-gravity location together with an aero-
dynamic center located only about 0.5D from the base, it is obvious that an
extreme longitudinal stability normal to the wing plane exists. Furthermore,
figure 9 shows that the launch configuration does not possess positive effec-
tive dihedral. Figure 10 shows that the lateral center of pressure of the
launch vehicle is about 1.0D forward of the body base; therefore, based on an
average center-of-gravity location of 3.0D forward of the body base, positive
directional stability is indicated. The lack of 1:1 correspondence in the
angle-of -attack induced forces coupled with lack of coincidence of the longi-
tudinal and lateral centers of pressures may be expected to introduce severe
aerodynamic-control problems since the control system must be designed to com-
pensate for transverse winds of arbitrary orientation. The contrcl-system
problem will be degraded if a prescribed launch trajectory must be followed

as compared with the possibility that a drifting flight trajectory might be
allowed for some cases.

Cruise Aerodynamic Characteristics of Flyback Vehicle

Drag and lift-drag ratio.- The difficulty in obtaining high subsonic 1ift-
drag ratlos for the flyback cruilse conditions was indicated in reference 1 to
be associated primarily with the large body base and base pumping caused by the
engine shrouds. For the present configuration the base drag problem was
increased by lowering the wing by one-half the maximum root-chord thickness as
compared with the configuration of reference 1. This change was made to effect
a substantial improvement in the wing center section from a structural stand-
point, and to allow employment of a fully retractable flyback engine nacelle

10

... UNCLASSIFIED




UNCIASC ™™

f - = e T

on the lower wing surface during launch. This design would also permit a
center-section trailing edge which could provide protection of the lower
rocket-engine nozzles from reentry heating and loads. (See fig. 1.) ILowering
of the wing also required an enlarged wing-fuselage fairing (fig. 1) at the
body base to insure aerodynamic protection of the engines from excessive loads
during the launch phase of flight. The resulting increase in base area was
about 20 percent. The zero-lift drag coefficient with no shrouds or rocket
engines and with the basic booster cylindrical body is shown in figure 12 to
be 0.45 at M = 0.60, which was estimated to approximate the optimum flyback
Mach number. This value represents an increase of 0.04 in CD,o over that

shown in reference 1 and is associated primarily with the physical changes Just
discussed. The best zero-1lift drag coefficient for the earlier studies was
0.%5 and was obtained only after considerable tailoring. From the earlier
studies it had been concluded that a parabolic rocket-engine shroud shape pro-
vided a marked CD,o improvement. From considerations of the launch-vehicle

requirements, the equivalent of the basic 15° shrouds would be needed to pre-
vent excessive aerodynamic loads on the rocket engines. ©Since the parabolic
shrouds would not be expected to provide this needed protection during launch,
some additional hardware would be required. For flyback, this additional hard-
ware would have to be ejected prior to subsonic cruise flight. An alternate
arrangement would be to eject the 15° shrouds and thereby leave the rocket-
engine actuators exposed during the subsonic portion of the flight. Figure 12
shows less than 0.010 penalty in CD,o for the actuator struts exposed, com-

pared with that for the parabolic shrouds at M = 0.60. For this test no
attempt was made to streamline the struts or the attachments; hence, some small
improvement could be anticipated if this region were properly modified. Addi-
tional CD,O improvement, with the struts exposed, was achieved by a small
amount of body boattailing rearward of the thrust-frame location on the body.
The lowest Cp,o value achieved for the present flyback vehicle is shown in
the figure to be O.h75. Because of the importance of forebody length on
interstage-structural weight, an additional shape, a 1:2 elliptical forebody
(fig. 2(b)), was tested to determine the drag penalty. Figure 12 shows that
CD,o has increased about 20 percent over that of the spherical forebody. The
conclusion of reference 1 that the spherical forebody is nearly the optimum
compromise between interstage weight and aerodynamic shape is validated.

For the configuration of reference 1, the maximm L/D was about 6.0 at
M = 0.60, as compared with 6.3 for the present configuration. TFigure 13 shows
the large improvement in maximum L/D resulting from the special tailoring of
the wing-body Jjuncture fairing, which was incorporated because of a longitu-
dinal pitch-up at subsonic speeds (to be discussed later). However, it is
shown in figure 13 that when 5° of toe-in of the vertical tails was employed
(which from references 2 and 3 was shown to be needed for supersonic and hyper-
sonic directional stability), the maximum L/D can be expected to decrease
by about 0.80 (from 6.3 to about 5.5).

Longitudinal stability.- Figure 13 shows a subsonic static margin of about
20 percent of the body diameter for the flyback configuration with both verti-

cal tails toed in 59, and it increases to about 43 percent at M = 1.20.
Installation of the flyback engine nacelle with air flow resulted in an abrupt

voneureag 11
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decrease in stability at transonic speeds. Speclal tailoring of the wing-body
juncture fairing (see fig. 2(a)) removed most of the irregularity of the sta-
bility parameter throughout the Mach number range.

Flgure 11 shows favorable shifts in positive Cm,o resulting from the

tailoring of the wing-body Juncture fairing. This shift in the pitching-moment
curve would result in less control being required to trim the vehicle. A
severe pltch-up is shown (fig. 11) to occur at 1ift coefficients of about T in
the low-speed range and about 8 in the high-speed range. Results of several
oil-flow tests revealed a strong vortex originating near the leading edge of
the wing at the body Juncture, which resulted in flow separation over a large
part of the wing. Several means were employed to alleviate this problem; the
greatest lmprovement was obtained by refairing to provide a more generous
radius about the wing-body juncture. (See fig. 2(a).) This modification
delayed the pltch-up about ACL =1 +throughout the Mach number range. Toeing

in the vertical tails 5° resulted in a decrease in the level of the pitching-
moment curves throughout the Mach number range; this decrease was caused by
the expected increase in wing-tip loading. Installation of the flyback engine
nacelle decreased the pitching-moment level and resulted in nonlinearity in
the curves in the subsonic speed range; however, in this location the engine
thrust would provide substantial increments in AC,.

Lateral-directional stabllity.- The negative effective dihedral indicated
by reference 1 has been eliminated at subsonic speeds (fig. 16); however, lat-
eral Instability still exists at transonic speeds at an angle of attack of 0°.
Positive directional stability is shown in figure 1l when both vertical tails
were toed in 5° over an angle-of-attack range between about 0° to 12°. The
level of stability at o = 0° and « = 12° 1is shown in figure 16, the latter
angle corresponding closely with the angle of attack for maximum L/D. The
flyback engine nacelle reduced CnB at subsonic speeds (fig. 16) by about as

much as the toed-in tails improved it. This result would be expected since
the nacelle was located appreciably forward of the vehicle center of gravity.

Control effectiveness.- Longltudinal-control effectiveness increased to
about M = 0.90 throughout the angle-of-attack range (fig. 23) and thereafter
did not decrease below the subsonic level. Comparison of figures 16 and 20
shows negligible effects of CmB on directional stability; however, a positive

contribution to C;, at subsonic speeds is noted at a = 0° for an elevon
deflection of 59°.
Figure 23 shows that roll-control effectiveness remained relatively con-

stant at subsonic speeds up to an angle of attack of about 12°. A decrease in
CIB of about 25 percent occurred with increasing angle of attack for Mach num-

bers greater than about 0.80 in the low-angle range and 0.T0 in the high-angle
range. An adverse yawing moment resulted from differential elevon deflection,
as shown by comparison of figures 14 and 18(b).
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Directional-control effectiveness (fig. 23) decreased with an increase in
angle of attack, but it increased with increasing Mach number up to about
M = 0.90 and then deterilorated as much as 50 percent at transonic speeds.
Comparison of figures 16 and 21 shows that when both rudders were deflected to
the left (®r = 5°), a positive contribution to both Clﬁ and CnB resulted

at o = 00,

Landing Aerodynamic Characteristics of Flyback Vehicle

Longitudinal stability.- Figure 22 shows the longitudinal aerodynamic char-
acteristics in the presence of a ground plane. A positive shift in Cm,o of

about 0.30 at M = 0.40 1is shown by comparison of figures 11(a) and 22(a).

This favorable increase would result in less control being required for landing.
No appreciable change in longitudinal stability is shown in the presence of the
ground plane. A static margin of about 16 percent of the body diameter is
indicated for all Mach numbers. At M = 0.40, the ground plane exerts a sub-
stantial influence on pitch-up as a delay from about Cy, = 8 +to Cr, = 9. (See

figs. 11(a) and 22(a).) As indicated by figure 11(a), tailoring of the wing-
body juncture fairing would probably provide an additional increase in Cp
to about 10 at M = 0.40. Based on an assumed wing loading of U5 1b/ft2
(215.46 N/m2) (calculated by basing both Cy, and wing loading on total wing-

planform area), the estimated landing speed required to stay within the sta-
bility region is about 210 knots.

Control effectiveness.- Figure 22(a) indicates that an up-elevon deflec-
tion of 5° removed most of the nonlinearity of the pitching-moment curve at
M = 0.20. The data of figure 22 indicate that for an available landing Cp,

of about 10, an up-elevon deflection of about 10° would be required to trim at
landing. '

Figure 23 shows that no reduction in roll-control effectiveness occurred
in the presence of the ground plane. An increase in positive Cp o at all

Mach numbers resulted from differential elevon deflections of 5° (fig. 22(a))
with about the same degree of adverse yawing moment in ground effect at

M = 0.40 as was indicated for out-of-ground-plane effects. (Compare

figs. 22(bv) and 18(b).)

Deflection of both rudders 5° to the right is shown in figure 22 to have

no influence on longitudinal characteristics. There was no appreciable effect
on Cn5 in the presence of the ground plane, as indicated by figure 23.

CONCLUSIONS

An investigation has been conducted to determine the longitudinal and
lateral-directional stability characteristics of a complete vertical-take-off
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launch vehicle and its first-stage reusable flyback vehicle. In addition, con-
trol effectiveness was obtained for the flyback vehicle at both transonic and
landing conditions. Test data were obtained over a Mach number range from 0,20
to 1.20, angles of attack from -4° to l6°, and sideslip angles of 0° and 59.
Test Reynolds number per foot (per 0.305 meter) varied from approximately

1.5 X 106 to k.4 x 106. The results indicate that the following conclusions
are appropriate:

1. By proper attention to the base drag problem, the subsonic level of the
zero-1ift drag coefficient of the complete reusable launch vehicle was reduced
to about the same as that of a similar but expendable launch vehicle. Based
on an average in-flight center-of-gravity location of 3.0 diameters forward of
the body base, the complete launch vehicle was longitudinally and directionally
stable throughout the Mach number range.

2. The reusable flyback vehicle was longitudinally stable throughout the
Mach number range, and wing-tip-mounted vertical tails employing 5° of toe-in
provided directional stability. A maximum lift-drag ratio of about 6.3 at a
Mach number of 0.60 was measured; however, this ratio decreased to about 5.5
with both vertical tails toed in 5°.

3. Longitudinal control effectiveness generally increased with Mach number
up to a Mach number of 0.90 and thereafter did not decrease below that of the
subsonic level. Lateral control effectiveness remained approximately constant
with both angle of attack and Mach number up to about a Mach number of 0.70;
it then decreased about 25 percent. Directional control effectiveness deteri-
orated as much as 50 percent transonically.

k. No appreciable change in longitudinal stability or control effective-
ness occurred at simulated landing conditions; however, there was a positive
shift in the pitching-moment curve and a delay in pitch-up was observed and
was attributed to the presence of the ground plane.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., July 29, 1965.
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Reusable flyback vehicle -
Body:

Length, overall,

Diameter, in.

in.
(cm)
Base area, sq in. . e e e e e e e e e . .
Length/Diameter, cylindrical body . « « « o ¢ v o o+ o 4

.

(cm?)

UNCLASSIFIED

SRR,

TABLE I.- GEOMETRIC CHARACTERISTICS

(cm) .

Moment reference from base, in.
Shrouds:
Length, 15° and parabolic, in.

Base area (per shroud), 150, sq in.
Base area (per shroud), parabolic, sq in.

Wing:

Total area, including trailing-edge extension, sq in.
Exposed area, including trailing-edge extension, sq in.

Exposed area, neglecting trailing-edge extension, sq In.

Root chord at fuselage juncture,

Tip chord, in.

Span {total), in
Leading-edge sweep, deg

(em) . .
(cm)

Positive dihedral, deg .

(t/c)max -

.

Leading-edge radius

Trailing-edge thickness

Airfoil section

C, based on exposed area, in.

.

.

.

(em) . ¢ v v v v e e e e e

(em) . & v o v e e s e e e e e
(em2) . v o v s e e e e
ﬂcme)_. e e e e e e

(em®) o o o o . ..
(em2) . . . . ...

(em2) . . ..

in. (em) & . . o . e e e e e e e e e e e

S

Moment reference, from leading~edge wing . . . . ¢« « « v ¢ = ¢« ¢ ¢ v ¢ o .
Moment reference, distance
Aspect ratio, design .
Vertical tail:

Area, each, sq in.

Root chord, in.
Tip chord, in.
Height, in.

(cm?)

(cm)

(cm) .

(cm)

Leading-edge sweep, deg

(t/c max .

Leading-edge radius

.

Trailing-edge thickness

Airfoil section
Toe-in, deg
Cant, deg .

.

.

from body base,

Tail moment arm, c. g to (c/h)

tail, in.

a s » s a2 8 e s & e e s e e o s ° o .

Cem) oo,

Second-stage expendable rocket booster -

Length, in.
Diameter, in.

(cm)

Length/Diameter

Spacecraft -

Length, 1in.

(cm)

(cm)

Diameter, base, in.
Length/Diameter

16

.

.

" (em)’

.
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13.1%  (33.38)
3.17 (8.05)
7.88 (50.84)
3.65

2.85 (7.24)

2.52 (6.40)
0.9% (6.00)
0.68 (4.39)

. 122,60 (790.97)
88.00 (567.74)

75.40 (486.45)

9.38 (23.83)
3.28 (8.33)
15.05 (38.23)
65

5

0.10

tmax/6

tnax/3
Circular arc
6.83 (17.35)
0.228

2.85 (7.24)
2.08

9.43 (60.84)
3.65 (9.27)
2.19 (5.56)
3.23 (8.20)

30

0.10

tmax/6

tmax/3
Circular arc
0 and 5

15

7.51 (19.08)

9.25 (23.50)
3.17 (8.05)

2.92

7 (17.78)
3.17 (8.05)
2.21
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3.771 5°-dihedral
."(9.575)

7.706
} 14.762 (37.495) (19.573)
i_ 11282
28.859)
i 425 il 1.584 SRE I RIE
_ (11050,A~1 1.669 (4.239) (o8, : (39.146)
= - - .
X N 1.584 |
K— N {
Al 549 (1.509)
3.0 >
071
° 7.80 N 4,752 8.359
* L& AN (12.070) (21.232)
N 1.362
5.940
SO\ 31459 (15 088)
15%cant
e
Vertical-tail °-toe in position -
pivot point
Wing
| 4 8§ € 8 o
Section number 3 i 10
! .
o el e o ST NN, >
|t =

IS¢ T.E.extension
X
Original fairing — — —
Revised fairing
Section number Circular arc
i | h '
iﬁ.ﬁéé?" x + % Typical wing chord
1 11.240 (28.550) 3 2.188
2 10.240 (26.010) .
3 9.240 523.450) 5 (3-558)
§ ey
.24 8.34 .
8 41240 (10.770) ﬂ (1.668)
7 3.240 (8.230) 6 30°
8 2.283  (5.800) “ fmax
9 1.240 (3.150) 7 L .E.rad.= Jmax 3
10 0 0) : 2.865 (3.792)
N 8 _f (7.277)
9 g
10 + S
"l 1.042 (2.647)
3.647
(9.263)
. ) Vertical tail
Wing fairing
/—Wing leading edge
2 L

U . X
2 .09828(u>

o<

o
- x 13?—
Rad.:.OSGJ\J

Spacecraft Crew nacelle

(a) Wing, vertical tail, crew nacelle, wing fairings, and spacecraft.

Figure 2.- Details of model components. (All dimensions are in inches {cm) unless otherwise noted.)
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¥

9 Parabolic Shroud
b y( )
- (5" Q 0
- Rocket engine Rocket engine 2.10-(5.33) L]
; ! -2.00-(5.08 046 (.117) .064
mwm o strut ossembly 2.00- 3.81) gt 3.559) 1gee
-1.00-(2.54 ‘aga (l874). 478
-.so-§1.27) a1 514062) 581
0 0j 442 (1.123) (615
2.520 .20 ((.51) 43 8‘83;; 601
. 141 (1l08) 1395 (1. .
y
(6.401) e J,
o .
5 (2.073)
X ’Ad_ﬂ
. Lu'sl?) 1.58¢ _4 i'}1'“0)
04101 440 | 1. 1041
Model base fine——"" (3l658)| (4-023) Model base line——""" (+:38%
. Parabolic shroud
Conical shroud |
Spherical forebody

1:2 elliptical forebody (4x°+ r*=1.584")

! 3.168

, . .792
! (81047) (2,012)—

1.584
(4.023)

.792
191 (2.012)
(2.009) 11.560 (29.362)

13.144 (33.389)

Body alone

1.900
l“u.aze)*‘

/(1;:32g)lrom model base
RN ISR 110 060
“'003)-1. .366 1.136 . 388,
=1 ¢330 .2 5
.891 f
(1.755)
O°reference
.108
(.274)
 __ X
.691 ¥
.155)
Root chord base line’ .550
(1.397)
-E. - -990
Locol wing N T 2.512)
° ! surface lines o 1
Rocket nozzles rotated 45 e
- . 990
(2.512)
- .550
Flyback engine nacelie (1.397)

(b} Shrouds, body alone with base modifications and forebody arrangements, rocket nozzles, and flyback engine nacelle.

Figure 2.- Concluded.
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) Launch configuration.

L-64-7561

First stage with parabolic shrouds. L-64-7567

First stage with exposed actuator struts.

Figure 3.- Photographs of representative configuration. L-64-7559
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Reynolds number,R

Mach numbér,M

Figure 4.- Variation with Mach number of test Reynolds number per foot {per 0.305 m).
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@ M =0.40.

Figure 5.- Longitudinal aerodynamic characteristics of complete launch vehicle. 15° conical shrouds; retracted engine nacelle; y = 09; 8¢ = 150,
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(b} M = 0.60.

Figure 5.- Continued.
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Figure 5.- Continued.
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Figure 5.- Continued.
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Figure 5.- Continued.
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Figure 5.- Concluded.
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(b} Cp plotted against a.

Figure 6.- Continued.
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{c) Cy plotted against a.

Figure 6.- Concluded.
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Figure 15.- Lateral aerodynamic characteristics of first-stage reusable flyback vehicle at several angles of sideslip.

Exposed rocket engine actuator struts; no shrouds; engine nacelle off; y = 120; §; = 159; 8¢ = (0.
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(a) Continued. M = 0.90.

Figure I7.- Continued.
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Figure I7.- Continued.

(@) Concluded. M = 1.20.
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{a) Continued. M = 0.60.

Continued.

Figure 18.-
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= 0.90.

Figure 18.- Continued.

{a) Continued. M
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Figure 18.- Concluded.
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(a) Continued. M = 0.30.

Continued.

Figure 22.-
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(b} Lateral directional characteristics.

Figure 22.- Concluded.
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